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Abstract:  
Syngas production (H2 and CO) from carbon dioxide reforming of high density 
polyethylene (HDPE) over Ni-Al catalyst was evaluated in a two-stage fixed bed 
reactor. Syngas production was favoured by CO2 addition, with the highest production 
of 138.81 mmolsyngas g-1HDPE, which was about six times higher than non-catalytic, 
non-CO2 addition. The catalytic performances of nickel-based catalysts with different 
promoter metals (Cu, Mg and Co) in the CO2 reforming of HDPE were also studied. It 
was found that Ni-Co-Al had an excellent anti-coking performance, with no 
detectable formation of coke on the catalyst surface. Moreover, the syngas production 
was significantly improved by the addition of Co compared to the Cu and Mg metal 
promoters. The CO2 conversion for Ni-Co-Al catalyst was also the highest at 57.62 %. 
Further investigation of the effect of Co concentration on CO2 reforming of HDPE 
showed that the higher Co content, the higher syngas production and CO2 conversion.  
 
Keywords: Waste; Plastics; Reforming; Carbon dioxide; Catalyst  
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1. Introduction 
 
Recently, many efforts have been made to reduce CO2 emissions to the 
atmosphere because of the projected high environmental impact related to climate 
change. The major source of CO2 emissions is from fossil fuelled energy systems and 
the mitigation strategies to reduce CO2 include carbon capture. Such processes are 
likely to generate large quantities of CO2 which opens opportunities for CO2 
utilisation. The reforming of methane with CO2 (dry reforming) for the production of 
H2 and CO rich syngas has been reported to be promising by some researchers [1-3]. 
In addition, waste plastics could be a potential source for the methane and other 
hydrocarbons required in the reforming process.  Pyrolysis of waste plastics produces 
gaseous product which are rich in hydrocarbons. These hydrocarbons have the 
potential to be reformed with CO2 to produce a H2 and CO syngas.  
It is known that the addition of catalysts in the reforming process has a 
beneficial influence on syngas production. The most widely used catalysts tend to be 
nickel-based and have been used to enhance steam reforming, partial oxidation, 
hydrogenation and dry reforming. Their high stability and catalytic activity, and lower 
cost compared to noble metal catalysts are the reasons that they are preferred for the 
reforming process [4,5]. However, nickel catalysts are known to be prone to 
deactivation due to coke formation on the catalyst and nickel sintering [6-8]. It has 
been suggested by many studies that adjusting the support, addition of active metals 
and suitable catalyst preparation methods could improve catalyst stability [9-12].  Lv, 
et al. investigated the pre-treatment of the silica supported nickel catalyst with 
ethylene glycol for the dry reforming of CH4 [13].  They reported that the ethylene 
glycol pre-treatment modified the surface properties of the silica support, resulting in 
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lower deposition of carbon on the catalyst and a lower degree of sintering. Different 
nickel catalysts supported on various supports (Ƥș-Al2O3, MgAl2O4, SiO2-Al2O3 and 
ZrO2-Al2O3) were also investigated by Damyanova, et al. for inhibition of carbon 
formation for dry reforming of CH4 [14]. They found that there was a strong 
interaction between nickel oxide species and MgAl2O4 which retarded the sintering of 
the nickel and also reduced the formation of coke.  
This paper is a continuation from our previous study [15] related to earlier 
work investigating the two-stage, pyrolysis-reforming of HDPE in relation to the 
steam and CO2 reforming agent. The aim of this present paper is to study the effect of 
the addition of different metal promoters in the form of cobalt, magnesium and copper 
into nickel-alumina based catalysts in relation to the production of product syngas. 
Carbon dioxide conversion and carbon formation on the catalysts was also 
investigated. Further investigation into the relation of the different molar ratios of Ni-
Co-Al on syngas quality has also been conducted. 
 
2. Materials and Methods 
 
2.1 Materials 
 
The high density polyethylene (HDPE) feedstock was obtained as 2 mm waste 
polymer pellets from Regain Polymers Ltd, UK. From the elemental analysis, the 
composition of the waste HDPE was 82 wt.% of carbon and 18 wt.% of hydrogen. 
Several Ni-based alumina catalysts, Ni-Al, Ni-Mg-Al, Ni-Cu-Al and Ni-Co-Al, 
were used in this study. Catalyst preparation was based on the rising-pH method [5]. 
Mg(NO3)2.6H2O, Cu(NO3)2.2.5H2O or Co(NO3)2.6H2O was added to Ni(NO3)26H2O 
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and Al(NO3)39H2O and dissolved in 200 ml deionised water with moderate stirring at 
40 °C. 1 M ammonium solution, as the precipitant was then added to the aqueous 
solutions until the PH value of 8.3 was reached. The precipitate that was formed was 
filtered, dried (105 °C) and calcined (750 °C). The molar ratios for Ni-Al, Ni-Mg-Al 
and Ni-Cu-Al were 1:1, 1:1:1 and 1:1:1 respectively. In addition, to investigate the 
influence of Co concentration on the syngas production, Ni-Co-Al molar ratios of 
1:0.5:1, 1:1:1 and 1:2:1 were also investigated. All the catalysts were crushed using a 
mortar and pestle and finally sieved using a 50-212 ȝPSDUWLFOHVLHYH. 
 
2.2 Characterization of catalysts 
  
A Nova 2200e surface area and pore analyser was used to obtain the Brunauer, 
Emmet and Teller (BET) surface area of each catalyst using the nitrogen adsorption 
technique. A Bruker D-8 diffractometer was used to record the X-ray diffraction 
(XRD) patterns of the prepared catalysts using a Cu-.Įradiation X-ray source with a 
Vantec position sensitive detector. The range was 10° - 70° with a scanning step of 
0.05°. The pattern identification was obtained using HighScore Plus software.  
Temperature programmed reduction (H2-TPR) of the prepared catalysts used a 
Stanton-Redcroft thermogravimetric analyser (TGA). During the H2-TPR analysis, 
each fresh catalyst (20 mg) was first heated from room temperature to 150 °C at 20 °C 
miní1 and held for 30 min to remove water, then heated at 10 °C miní1 to a final 
temperature of 900 °C.  The feed gas used was hydrogen (5% H2 balanced with N2). 
The carbon deposited on the used catalysts were characterised using scanning 
electron microscopy (SEM) (LEO 1530) and also temperature-programmed oxidation 
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(TPO) using a Shimadzu-50 thermogravimetric analyser (TGA). For TPO, the 
temperature programme was room temperature to 800 °C at 15 °C min-1 heating rate. 
  
2.3 Experimental system.  
 
The pyrolysis-reforming experiments with HDPE involved a two-stage fixed 
bed reactor (Figure 1). The dimensions of the reactor were 250 mm x 30 mm i.d. 
heated by two separate electrical furnaces (1.2 kW each).  The first stage consisted of 
pyrolysis of the HDPE and the product pyrolysis gases were transferred to the second 
stage where dry reforming of the hydrocarbons took place in the presence of CO2 and 
the Ni-based catalyst. The experimental procedure involved 1 g of catalyst which was 
placed in the second stage catalytic reactor and was first heated to 800 °C. The first 
stage pyrolysis reactor which contained 2 g of waste HDPE was then heated up to 
500 °C at 10 °C min-1. Nitrogen was used as carrier gas. Carbon dioxide with a flow 
rate of 6.0 g h-1 was injected into the second stage reforming furnace.  The gaseous 
products after the two-stage, pyrolysis-reforming process were passed through a three 
stage dry-ice cooled condenser system to condense any liquids. The non-condensed 
gases were collected in a TedlarTM gas sample bag for later, off-line gas analysis. 
Repeat experiments were performed to ensure consistency and accuracy of the results 
as well as the stability of the reactor.  
The collected gases in the gas sample bag were analysed by a gas 
chromatography (GC). A Varian 3380 GC with a 80-100 mesh HayeSep column and 
N2 carrier gas and flame ionisation detector was used to analyse hydrocarbons (C1-C4). 
Another Varian 3380 GC analysed H2, CO, O2 and N2 on a 2 m long x 2 mm i.d., 60-
80 mesh molecular sieve column with Ar carrier gas and thermal conductivity 
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detector (TCD). On a separate column in the same Varian 3380 GC, CO2 was 
analysed on a 2 m long x 2 mm i.d. HayeSep 80-100 mesh column with Ar carrier gas 
and TCD.  
The conversion of carbon dioxide (as percentage) was calculated according to 
the following formula: ܺܥܱଶ ൌ  ሾ݉݋݈ݏܥܱଶሿ݅݊ െ ሾ݉݋݈ݏܥܱଶሿ݋ݑݐሾ݉݋݈ݏܥܱଶሿ݅݊ ൈ  ? ? ? 
 
3. Results and discussion 
 
3.1 Fresh catalyst characterization.  
 
Table 1 shows the surface area of the freshly prepared nickel based catalysts, 
Ni-Al, Ni-Cu-Al, Ni-Mg-Al and Ni-Co-Al and the three different cobalt containing 
catalyst compositions for the Ni-Co-Al catalyst. The surface area is generally related 
to the catalytic activity of the catalyst, in which high surface area typically improves 
the activity of the catalyst [16,17]. Addition of the Cu, Mg and Co promoters to the 
Ni-Al catalyst reduced the surface area of the catalysts. We also reported earlier a 
similar effect of the addition of Mg into a Ni-Al catalyst where catalyst surface area 
was reduced from 155 m2 g-1 (Ni-Al (1:2)) to 99 m2 g-1 (Ni-Mg-Al (1:1:1)) [18]. 
The XRD spectra patterns of the Ni-Al, Ni-Cu-Al, Ni-Mg-Al and Ni-Co-Al 
catalysts were obtained from the X-ray diffraction analysis and the results are shown 
in Figure 2. The metal appears to be well distributed throughout the catalysts. All of 
WKH FDWDO\VWV H[KLELWHG ;5' LQWHQVLW\ SHDNV IRU WKH SUHVHQFH RI 1L2 Ȗ$O2O3 and 
NiAl2O4.  In addition, four intensity peaks representative of CuO were observed for 
the Ni-Cu-Al catalyst [16], two peaks for MgO and a peak of NiMgO for the Ni-Mg-
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Al catalyst [19] and five peaks of Co3O4 for the Ni-Co-Al catalyst [20,21]. Since the 
catalyst was not be treated or reduced prior to the analysis, the XRD patterns show 
that all the metal added to the catalysts remains in their oxide forms as expected. The 
XRD patterns for the different ratios of Ni-Co-Al catalyst are shown in Figure 3. The 
patterns were similar, however small difference can be seen on the diffraction peaks, 
in which the peaks became more sharper as the amount of cobalt was increased, as the 
ratio was increased from 1:0.5:1 to 1:2:1.  
Figure 4 shows the H2-TPR profiles of the fresh catalysts. The main reduction 
peaks of both Ni-Al and Ni-Mg-Al catalyst occur at high temperature at around 
750 °C to 850 °C, showing the strong interaction between the metal and the support. 
In contrast, the Ni-Cu-Al catalyst demonstrated a low intensity peak at a temperature 
between 230 °C and 260 °C, which may be attributed to reduction of NiO that was  
weakly interacted with the support material [9]. The Ni-Co-Al catalysts with 
increasing cobalt content exhibited similar profiles of two reduction peaks. The first 
peak was observed at a temperature between 290 ± 450 °C and the second reduction 
peak was detected between 550 ± 730 °C. The first peak may be assigned to the 
reduction of Co3O4 and NiO species which occur at the same time and the second 
peak suggests the reduction of NiCo2O4 and/or Co3O4; NiO species and metal 
aluminate spinel species (such as NiAl2O4 and CoAl2O4) having strong interaction 
with support. A Similar trend has been reported in studies of Ni-Co-Al catalysts with 
the addition of Sr [22]. The complete reduction of Ni-Co bimetallic catalysts was 
reported to involve two or more overlapping reduction peaks due to the simultaneous 
reduction of Co3O4 and NiO species [22]. 
 
3.2 Pyrolysis-catalytic CO2 reforming of HDPE 
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3.2.1. Ni-Al catalyst: 
The pyrolysis-catalytic CO2 reforming of HDPE with the Ni-Al catalyst was 
carried out at a catalyst temperature of 800 °C. The non-catalytic pyrolysis-CO2 
reforming of HDPE was also carried out where sand was used as the substitute for 
catalyst. Experiments without any catalyst or sand were also carried out as a baseline 
experiment for comparison with the results when sand or catalyst was used. The 
product yields are shown in Table 2 and the gas compositions of the experimental 
results are presented in Figure 5. Figure 6 shows the carbon deposition and the CO2 
conversion from the pyrolysis-dry reforming of HDPE. The carbon deposition was the 
carbon deposited on the catalyst/sand after the experiment. 
Table 2 shows that in the absence of catalyst and with no CO2 reforming agent, 
the HDPE was pyrolysed to produce a liquid product (33.5 wt.%), gas (46.9 wt.%) 
and significant deposition of carbon on the sand surface.  The pyrolysis residue from 
HDPE was negligible. The residue was measured by weighing the sample holder in 
the first stage reactor (Figure 1) before and after the experiment. Pyrolysis of HDPE 
usually produces high yields of oil/wax, typically ~80 wt.% [23].  However, in this 
work for the uncatalysed experiments, the pyrolysis gases pass through the sand bed 
at a temperature of 800 °C and are cracked to produce higher gas yield and significant 
deposits of carbon on the sand. The introduction of CO2 in the non-catalytic 
experiment produced a marked increase in gas yield from 46.9 to 90.6 wt.%.  It is 
suggested that the CO2 was involved in the cracking and reforming of the 
hydrocarbon oil/wax to produce gases due to the marked reduction of liquid yield 
from 33.5 to 2.0 wt.%. CO2 reforming also reduced the carbon deposited on the sand 
from 19.5 to 2.8 wt.%.  
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The introduction of the Ni-Al catalyst in the absence of CO2 produced a slight 
decrease on the gas yield from 46.9 wt.% (sand) to 33.7 wt.%. This decrease in gas 
yield corresponded to a high carbon deposition of 56.0 wt.% on the Ni-Al catalyst and 
reduction of liquid yield to 7.5 wt.%. The introduction of CO2 to the second reactor to 
produce dry CO2 catalytic reforming reactions of the HDPE pyrolysis gases resulted 
in an improved production of gases to 93.2 wt.% while reducing the carbon deposited 
on the catalyst to 1.0 wt.%.  
Figure 5 shows the analysis of the gases produced from the pyrolysis-catalytic 
CO2 reforming of HDPE with the Ni-Al catalyst. Compared with the gas produced in 
the absence of catalyst (sand) and absence of CO2, where high concentrations of CH4 
and C2-C4 were found, the introduction of CO2 in the absence of the catalyst (sand) 
produced a syngas with increased concentrations of H2 and CO. However, with the 
introduction of the Ni-Al catalyst to the CO2 reforming process, the concentration of 
CO markedly increased, with also high concentrations of H2. The syngas (H2+CO) 
production was increased from 20.01 mmolsyngas g-1HDPE for non-catalytic and no CO2 
experiment to 138.81 mmolsyngas g-1HDPE for the CO2 reforming of HDPE with the Ni-
Al catalyst (Table 2). The increase of H2 and CO concentration and the decrease of 
CH4 and C2-C4  hydrocarbon in the gas yield in the CO2 reforming of HDPE are due 
to the promotion of CO2/dry reforming reactions (reaction 1) in the second reactor.  
This can be supported by the increase in CO2 conversion from 40.81% for CO2 
reforming of HDPE with sand to 54.46% with the Ni-Al catalyst (Figure 6). 
  ܥ݊ܪ݉ ൅ ݊ܥܱଶ ൌ  ?݊ܥܱ ൅௠ଶ ܪଶ                 (Reaction 1) 
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The used Ni-Al catalyst was analysed by TPO and SEM and the DTG-TPO 
thermograms and SEM micrographs are shown in Figure 7 and Figure 8 respectively.  
The DTG-TPO thermograms of the reacted Ni-Al catalyst with and without 
CO2 (Figure 7), indicated a mass increase in the DTG-TPO thermograms at around 
450 °C which was attributed to the oxidation of the Ni particles during the oxidation 
process [24]. A large peak of carbonaceous coke oxidation occurred at a temperature 
of ~650 °C for the Ni-Al catalysts in the absence of CO2.  The oxidation peak at 
~650 °C was assigned to the oxidation of graphitic filamentous carbons which are 
more resistant to oxidation compared to amorphous carbons which are typically 
oxidised at ~450 °C [25]. Figure 8 confirmed the presence of large quantities of 
filamentous carbons.  In the presence of CO2 and the Ni-Al catalyst there was only a 
small oxidation peak at 650 °C, suggesting low carbon deposition, also confirmed by 
the carbon deposition shown in Table 2 and the SEM micrograph in Figure 8. It is 
suggested that the reduction of carbon deposited on the catalyst might be due to the 
reaction between carbon and CO2 (Reaction 2) [26]. Guczi, et al. [26] investigated the 
formation of surface carbon on a Ni/MgAl2O4 catalyst for the CO2 reforming of 
methane. It was reported that the accumulation of carbon decreased at high 
temperature and most of the carbonaceous coke was removed by this reverse-
Boudouard reaction. 
 ܥ ൅ ܥܱଶ ൌ ܥܱ                  (Reaction 2) 
 
3.2.2 Ni-Cu-Al, Ni-Mg-Al and Ni-Co-Al catalysts  
Cu, Mg and Co were added to the Ni-Al catalyst to investigate the influence of 
these metals towards higher syngas production, lower coke formation and higher CO2 
 11 
conversion compared to the Ni-Al catalyst. Table 2 and Figure 5 illustrate the effect 
of Cu, Mg or Co addition to the Ni-Al catalyst on syngas (H2 and CO) production and 
gas composition. 
In the experiments with no CO2 addition to the second stage reactor, the gas 
yield for the Ni-Al catalyst was 33.7 wt.%, when Cu was added to the Ni-Al catalyst 
the gas yield increased to 52.3 wt.%, and for Mg addition and Co addition, the gas 
yield showed less of an increase to 39.9 wt.% and 38.6 wt.% respectively (Table 2). 
There was also a small decrease in the amount of carbon deposited on the catalyst 
when the metal promoter was added, decreasing from 56.0 wt.% for the Ni-Al catalyst 
to 43.5 wt.% for Cu addition, 43.0 wt.% for Mg addition and to 49.5 wt.% for Co 
addition  Figure 5 shows the gas yields for the pyrolysis-catalysis of HDPE with Ni-
Cu-Al, Ni-Mg-Al and Ni-Co-Al catalysts in the absence of CO2. The Ni-Cu-Al 
catalyst showed the highest CH4 and other hydrocarbons concentrations, resulting in 
higher gas yield but lower syngas production compared to the Mg and Co nickel 
based catalysts. The syngas productions for pyrolysis-catalysis of HDPE were similar 
for all the catalysts in the absence of CO2 at ~50 mmolsyngas g-1HDPE (Table 2). 
When CO2 was introduced into the pyrolysis-catalytic CO2 reforming of 
HDPE process, the amount of gases produced showed a small increase in the presence 
of the Ni-Cu-Al, Ni-Mg-Al and Ni-Co-Al catalysts compared to the gas yield using 
Ni-Al with CO2 (Table 2). In addition, the relationship between carbon deposition and 
CO2 conversion are shown in Figure 6. The carbon deposited on the catalyst showed 
only a small influence of the addition of the Cu and Mg promoters where carbon 
deposition was increased from 1.0 wt.% (Ni-Al) to 1.1 wt.% with Cu addition and 
decreased to 0.7 wt.% with Mg addition. However, there was no coke formation 
detected on the Ni-Co-Al catalyst. This is also in agreement with the results from 
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DTG-TPO thermograms in Figure 7. The carbon deposition results are also reflected 
in the carbon conversion data with lower coke deposition producing higher CO2 
conversion (Figure 6). The carbons formed on the Ni-Al catalyst with the addition of 
Cu, Mg and Co were also observed from SEM morphology (Figure 8). The Ni-Cu-Al 
and Ni-Mg-Al catalysts showed evidence of the presence of filamentous carbons, but 
the Ni-Co-Al catalyst showed no filamentous carbons. 
Figure 5 shows the gas yields for the pyrolysis-catalytic CO2 reforming of 
HDPE with the Ni-Cu-Al, Ni-Mg-Al and Ni-Co-Al catalysts. The concentrations of 
gases, as shown in Figure 5, indicated that there is little influence of Cu, Mg or Co 
metal addition to the Ni-Al catalyst in the presence of CO2. The CO yields were 
influenced by metal addition, with the highest CO concentration with Co addition and 
Cu addition, producing lower CO compared to the Ni-Al catalyst. High CH4 and other 
hydrocarbon concentrations were found for Cu addition with lower CO concentrations.  
Table 2 shows that the addition of carbon dioxide produces an increase in 
syngas production (H2 + CO) from 105.41 mmolsyngas g-1HDPE in the presence of sand, 
but with no catalyst to 138.81 mmolsyngas g-1HDPE for the Ni-Al catalyst.  The addition 
of the Cu metal promoter to the Ni-Al catalyst reduced syngas production to 130.56 
mmolsyngas g-1HDPE.  However, the addition of the Mg and Co metal promoters to the 
Ni-Al catalyst increased syngas production to 146.96 mmolsyngas g-1HDPE for the Ni-
Mg-Al catalyst and to 149.42 mmolsyngas g-1HDPE for the Ni-Co-Al catalyst. The syngas 
(H2 and CO) production for catalytic ± CO2 reforming of HDPE were therefore in the  
order: Ni-Co-Al > Ni-Mg-Al > Ni-Al > Ni-Cu-Al (Table 2, Figure 5).  The syngas (H2 
and CO) production for catalytic ± CO2 reforming of HDPE were therefore in the  
order: Ni-Co-Al > Ni-Mg-Al > Ni-Al > Ni-Cu-Al (Table 2, Figure 5).   
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For  the Ni-Cu-Al catalyst, this is also reflected in the H2-TPR data (Figure 4), 
where Cu had a very weak metal-support interaction, resulting in low catalytic activity 
and consequently, the lowest syngas production and highest carbon deposition. The 
H2-TPR data for the Ni-Co-Al catalyst suggest the strongest metal-support interaction 
and with the highest syngas production and lowest carbon formation on the catalyst 
surface suggesting the highest catalytic activity. 
The results suggest that the addition of Co into the Ni-Al catalyst increased the 
syngas production and CO2 conversion for the CO2 reforming of HDPE. The 
reduction of carbon deposited on the catalyst surface was also observed. Zhang et al. 
have also reported a high catalytic activity of a Ni-Co catalyst for the CO2 reforming 
of methane which was attributed to a strong metal-support interaction [27]. Others 
have also highlighted the importance of strong metal-support interaction of Ni-Co 
catalysts to enhance catalytic activity and the low coke formation properties of Ni-Co 
catalysts [28-30]. Liu et al. have suggested that Cu on the catalyst surface has a very 
weak interaction with CO2 compared to other metals based on their density functional 
theory studies of CO2 adsorption and decomposition on Fe, Co, Ni and Cu surfaces 
[31].  
 
3.3 Ni-Co-Al catalysts with different molar ratios.  
 
The Ni-Co-Al catalyst produced the highest syngas (H2 and CO) yield, a high CO2 
conversion and no detectable carbon formation on the catalyst from the CO2 
reforming of HDPE. Further work was therefore undertaken to determine the 
influence of Co metal content in the Ni-Al catalyst in terms of optimising the syngas 
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production, with high CO2 conversion and low coke formation. Ni-Co-Al catalysts 
with molar ratios of 1:0.5:1, 1:1:1 and 1:2:1 were prepared.  
Table 3 shows the influence of Co content on the product yield and gas 
composition for the CO2 reforming of HDPE. There was a marginal increase in liquid 
yield and gas yield with the increase of molar ratio from 1:0.5:1 to 1:2:1. There was 
0.9 wt.% of deposited carbon on the Ni-Co-Al catalyst with low Co content while no 
carbon was detected on the Ni-Co-Al catalysts with molar ratios of 1:1:1 and 1:2:1. 
This result is in agreement with results from DTG-TPO analysis where an intense 
oxidation peak was found at 600 °C for the Ni-Co-Al catalyst with low Co content 
(Figure 9). The SEM morphology of the Ni-Co-Al catalyst shown in Figure 10 also 
suggests that carbons were observed on the Ni-Co-Al catalyst with molar ratio of 
1:0.5:1 and the amount were reduced at higher Co contents.  The effects of different 
Ni-Co [31, 32] content have been investigated before, but there are few studies 
involving Co addition to a nickel-based catalyst.  Jose-Alonso et al. [30] studied 
several different compositions of Co or Ni alumina supported catalysts for the CO2 
reforming of methane. They reported that increased metal content enhanced the CO2 
conversion and very low carbon deposits were formed, albeit that they used low metal 
concentrations (<4 wt.%). Zhang et al. [32] also reported that lower Ni-Co content 
catalysts had lower carbon deposition, but higher Ni-Co content produced significant 
carbon deposition when the catalysts were used over extended periods (~250 h).  For 
the work reported here, there was no carbon deposition at the higher Co content Ni-
Co-Al catalyst.  However, no extended, time-on-stream experiments were carried out. 
The composition of the product gases obtained from the experiments showed 
that the syngas (H2 and CO) yield increased with the increase in Ni-Co-Al molar ratio 
from 139.74 to 155.13 mmolsyngas g-1HDPE for the CO2 reforming of HDPE. The CO2 
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conversion also increased from 56.11 wt.% to 60.08 wt.%. The increase of syngas 
yield, CO2 conversion and also the decrease of CH4 and other hydrocarbon 
concentrations are most likely due to the CO2/dry reforming reaction (Reaction 1), 
which was more favourable in the catalyst with high Co contents.  
Tables 2 and 3 show the H2:CO molar ratio of the gas produced from the CO2 
reforming of HDPE in relation to the different catalysts used.  The H2:CO ratio in the 
absence of catalyst was high, ranging from 14.208 for the Ni-Al catalyst to 9.521 for 
the Ni-Cu-Al catalyst.  However, when CO2 was introduced as the reforming agent, 
the H2:CO ratio was reduced to around 0.5.  There have been several reports which 
highlight the importance of the H2:CO ratio in relation to the end use application of 
the product syngas [33-35].  For example, Song and Guo [34] describe the range of 
syntheses possible using syngas to produce, for example liquid fuels through Fischer 
Tropsch synthesis, high value chemicals (e.g. aldehydes and alcohols) through the 
hydroformylation reaction, production of methanol through catalytic reaction with 
syngas etc.  The properties of the syngas, in particular the H2:CO ratio, influence the 
potential end-use synthesis of the syngas, for example an ideal H2:CO ratio for 
Fischer Tropsch is around 2.0, but for the hydroformylation reaction the optimum 
H2:CO ratio is around 1.0 [34].  Here, we have reported production of a syngas with a 
H2:CO ratio of <1.0 for the dry reforming of HDPE.  However, we have recently 
reported [15] on the steam, CO2 and combined steam/CO2 reforming of high density 
polyethylene using the two-stage pyrolysis-reforming reactor used here. The results 
showed that the H2 and CO concentrations in the product syngas were influenced by 
the relative input amounts of steam/CO2 reforming agent.  Depending on the ratio of 
steam/CO2 input, the syngas H2:CO ratio could be manipulated to produce values 
between 1 and 2.  Therefore, process conditions of the two-stage pyrolysis-reforming 
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of plastics could be manipulated to produce a range of desired H2:CO ratios 
depending on the steam and CO2 input.    
 
4. Conclusions 
 
The addition of catalyst to the CO2 reforming of HDPE improved the 
production of synthesis gas (H2 and CO). It is suggested that the catalytic CO2/dry 
reforming has a significant effect on the reformation of high molecular weight 
hydrocarbons to H2 and CO in the catalytic dry reforming process. Ni-Al catalyst with 
the addition of Co content had higher catalytic activity than Cu and Mg. No detectable 
carbon formation on the surface of Ni-Co-Al catalyst suggested that the Ni-Co-Al 
catalyst produced a very high resistance to catalyst deactivation. Adjusting the Co 
content of the catalyst facilitates high catalytic activity for reforming of HDPE with 
CO2, in which higher Co content contributes towards higher CO2 conversion and 
lower coke formation.  
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Table 1. BET surface area of the prepared catalysts. 
 
Catalyst Molar ratio BET surface area (m2 g-1) 
Ni-Al 1:1 133 
Ni-Cu-Al 1:1:1 73 
Ni-Mg-Al 1:1:1 66 
Ni-Co-Al 1:1:1 48 
Ni-Co-Al 1:0.5:1 81 
Ni-Co-Al 1:2:1 31 
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Table 2. Pyrolysis-dry reforming of HDPE with different catalysts. 
 
Catalyst None None Sand Sand Ni-Al Ni-Al Ni-Cu-Al Ni-Cu-Al Ni-Mg-Al Ni-Mg-Al Ni-Co-Al Ni-Co-Al 
CO2 flow rate (g h-1) 0 6.0 0 6.0 0 6.0 0 6.0 0 6.0 0 6.0 
Product yield (wt. %)                   
Gas 38.1 93.9 46.9 90.6 33.7 93.2 52.3 96.2 39.9 97.6 38.6 94.8 
Liquid 27.0 1.4 33.5 2.0 7.5 1.2 4.0 2.5 7.5 1.1 6.5 2.4 
Residue 0.0 0.3 0.0 0.2 1.0 0.1 0.0 0.1 1.0 0.1 0.0 0.0 
Carbon deposition 28.0 3.4 19.5 2.8 56.0 1.0 43.5 1.1 43.0 0.7 49.5 0.0 
Mass balance 93.0 99.0 99.9 95.6 98.2 95.5 99.8 99.9 91.4 99.5 94.5 97.2 
                        
Syngas yield  
(mmolsyngas g-1HDPE) 
        
H2 + CO production  25.32 112.35 20.01 105.41 51.90 138.81 47.53 130.56 48.78 146.96 50.83 149.42 
H2:CO molar ratio  - 0.49 - 0.48 14.21 0.47 9.52 0.51 10.11 0.49 11.15 0.47 
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Table 3. Pyrolysis-dry reforming of HDPE with different molar ratios of Ni-Co-Al 
catalyst 
 
Catalyst Ni-Co-Al Ni-Co-Al Ni-Co-Al 
Ratio (1:0.5:1) (1:1:1) (1:2:1) 
Product yield (wt. %)    
Gas 91.3 94.8 95.0 
Liquid 2.1 2.4 2.9 
Residue 0.1 0.0 0.0 
Carbon deposition 0.9 0.0 0.0 
Mass balance 94.4 97.2 97.9 
     
Gas composition (ggas g-1 HDPE)    
H2 0.094 0.096 0.099 
CO 2.615 2.852 2.965 
CH4 0.087 0.086 0.079 
C2-C4 0.016 0.012 0.010 
    
H2 + CO production (mmolsyngas g-1HDPE) 139.74 149.42 155.13 
CO2 conversion (%) 56.11 57.62 60.08 
H2:CO2 molar ratio 0.50 0.47 0.47 
 
 
 23 
Figure Captions 
 
Fig. 1. Schematic diagram of two-stage fixed bed, batch reactor. 
 
Fig. 2. XRD spectra of the fresh catalysts: (a) Ni-Al (1:1) catalyst; (b) Ni-Cu-Al 
(1:1:1)catalyst; (c) Ni-Mg-Al (1:1:1) catalyst; (d) Ni-Co-Al (1:1:1) catalyst. 
 
Fig. 3. XRD spectra of the different ratio of fresh Ni-Co-Al catalysts: (a) 1:0.5:1; (b) 
1:1:1; (c) 1:2:1. 
 
Fig. 4. Temperature programmed reduction (H2-TPR) of the fresh catalysts: (a) Ni-Al 
(1:1) catalysts; (b) Ni-Cu-Al (1:1:1) catalyst; (c) Ni-Mg-Al (1:1:1)catalyst; (d) Ni-Co-
Al (1:1:1) catalyst; (e) Ni-Co-Al (1:0.5:1) catalyst; (f) Ni-Co-Al (1:2:1) catalyst. 
 
Fig. 5. Gas compositions for the pyrolysis-dry reforming of HDPE with different type 
of catalysts at a catalyst temperature of 800 °C. 
 
Fig. 6. Relationship between carbon deposition and CO2 conversion derived from 
pyrolysis-dry reforming of HDPE with different catalysts. 
 
Fig. 7. DTG-TPO thermogram of different type of coked catalysts after pyrolysis-dry 
reforming of HDPE. 
 
Fig. 8. SEM results of different type of coked catalysts calcined at 750 °C. 
 
Fig. 9. DTG-TPO thermogram of the different ratio of Ni-Co-Al coked catalysts after 
pyrolysis-dry reforming of HDPE. 
 
Fig. 10. SEM results of the different ratio of Ni-Co-Al coked catalysts calcined at 
750 °C. 
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Figure 3 
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Figure 4 
 
 
W
ei
gh
t l
os
s 
In
te
n
si
ty
 
(a.
u
.
)  
 
 
 
200 300 400 500 600 700 800 900
 
Temperature (oC)
Ni-Al 
Ni-Cu-Al 
Ni-Mg-Al 
Ni-Co-Al (1:1:1) 
Ni-Co-Al (1:0.5:1) 
Ni-Co-Al (1:2:1) 
 28 
 
Figure 5 
 29 
 
Figure 6 
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Figure 9 
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Figure 10 
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